Empirical work on the causes and effects of inventive activity has had difficulty in finding measures that can indicate when and where changes in either inventive inputs or inventive output have occurred. The recent computerization of the U.S. Patent Office's data base may prove helpful in this context, but there is the problem that a priori we do not know the relationships between patent applications and economically meaningful measures of these inputs and outputs. To help solve this problem, this paper investigates the dynamic relationships among the number of successful patent applications of firms, a measure of the firm's investment in inventive activity (its R & D expenditures), and an indicator of its inventive output (the stock market value of the firm).
benefits (such as profits or productivity) are likely to react to the output of the firm's research laboratories only slowly and erratically (see the review by Griliches [1979] ). On the other hand, under simplifying assumptions, changes in the stock market value of the firm should reflect (possibly with error) changes in the expected discounted present value of the firm's entire uncertain net cash flow stream. Thus, if an event does occur that causes the market to reevaluate the accumulated output of the firm's research laboratories, its full effect on stock market values ought to be recorded immediately. This full effect is, of course, the expected effect of' the event on future net cash flows and need not be equal to the effect that actually materializes. The fact that we are measuring expectations rather than realizations, however, does have its advantages. In particular, expectations ought to determine research demand, so that the use of stock market values should allow us to check whether the interpretation we give to our parameter estimates is consistent with the observed behavior of the research expenditure series.
To obtain the implications of such considerations this paper uses a variant of Lucas and Prescott's (1971) This recursive form is estimated and tested on a micro data set that contains information on 120 firms over an 8-year period. The restrictions seem to be consistent with the observed behavior of' the data, and the paper focuses on the implications of the parameter estimates, particularly those associated with the interpretation of movements in the patent variable. These implications are investigated both in the cross-section dimension (i.e., differences in patent applications between different firms) and in the time-series dimension (differences in the patent applications of a given firm over time).
Section I sets out the framework for the empirical analysis; Section II provides estimates of' the recursive form and the associated test statistics. In Section III the implications of the parameter estimates are considered in some detail. Brief' concluding remarks close the paper.
I. A Framework for the Empirical Analysis
The econometric model to be investigated consists of equations for the stock market rate of return on the firm's equity Assume that management chooses a research program (a sequence of random variables determining current and future research expenditures, conditional on the information available when those expenditures must be made) to maximize the expected discounted value of the net cash flows from the firm's activities, and that non-R & D inputs can be adjusted costlessly at the beginning of each period to maximize the profits attainable in that period. Management's evaluation of a given program is found by substituting that program into the net cash flow functions, taking the expectation of the expected discounted value of future net cash flows plus current profits conditional on management's current information set (fQl) and subtracting the current cost of the program (R,) from this expectation. Noting that the current information set, ft, will include the past research expenditures of the firm (Ri, for s < t) and any other variable known to management at the time input decisions are made that provides information on the distribution of future net cash flows, the value of the program can be written as ~t ,
where HO provides the expected discounted value of future net cash flows and current profits conditional on current information, and A, summarizes the effect of other variables that are known to management at the time input decisions are made, but that are not in the econometrician's data set. Clearly, for a program to be optimal it must maximize V(fl, I?,) with respect to Rt. That is, if R, is optimal and V*(fl,) is management's evaluation of the firm conditional on optimal behavior, then
' t Note that equation (2) implies that an assumption on the functional form of H(-) and on the stochastic process generating {At} will suffice to determine the bivariate stochastic process generating the value of the firm's R & D program and R & D itself. This implication is used in the empirical analysis. ' If the stock market provided an exact evaluation of the expected discounted value of the firm's future net cash flows conditional on the same information used by management, then the 1-period excess rate of return on the firm's equity (capital gains plus dividends on $1.00 invested in the firm minus the interest rate) would equal the percentage increase in the expected discounted value of these net cash flows caused by the information that accumulates over the given period; that is, it would equal q* where2 V* -E(V*Iflt) (3)
We shall allow for a disturbance in the relationship between the observed 1-period rate of return, say qt. and q*, that is, qt = q* + 1IJt, (4) I Equation (2) follows from the Bellman condition for this problem, and the possibility of using it to structure the empirical relationship between investment and the value of the firm is noted by Lucas and Prescott (1971) (see also Sargent 1978 Sargent , 1979 ). This procedure does not provide direct evidence about the nature of the relationship between R & D and net cash flows (a topic of considerable controversy; compare, e.g., Griliches [1979] , in which a distributed lag of R & D is used to construct a knowledge stock that enters into a production function for marketable goods and services, to Nelson and Winter [1982] or Telser [1982] , in which the distribution of outcomes from a search process is affected by the quantity of resources invested in research). Our focus here, however, is on the relationships among the value of the firm itself', R & D, and patents; for this the Bellman condition suffices.
2 This is a discrete-time approximation to a continuous-time result. It assumes that dividends are declared at the beginning of the period and ignores terms equal to the within-period interest earned on dividends per share and the within-period interest on capital gains per share (see Pakes 1981) . A correction for this omission did not change the empirical results. but shall assume that this disturbance is uncorrelated with information that is publicly available at the beginning of the period-in particular, with the history of the R & D and rate-of-return series. This arbitrage condition ensures that the process generating Ad does not allow agents operating on the stock market to use publicly available information and a simple linear trading rule to make excess returns on that market, and therefore is consistent both with several previous empirical studies (see Fama 1970 
where the disturbance process {G.} sets the propensity to patent, that is, determines the number of patents applied for given the history of' the inputs and the market value of the outputs from the firm's R & D activity. The phrase "the propensity to patent" is taken from Scherer (1965a Scherer ( , 1965b , who uses it to refer to differences in the number of patents resulting from an innovation of' a given quality. We will assume the process generating that propensity, {Gt}, to be independent of the process generating R & D and the value of the firm. These assumptions provide a precise interpretation for the propensity to patent that will be shown to lead to testable implications below.' ' The system in (6) ignores any deterministic components in the stochastic process generating {qt, r1, pj}. The empirical work adds time dummy variables to all equations, and these should pick up any deterministic components that exist. cations X periods ahead will go up by C3,T percent. A realization on al equal to, say, X is noise in the sense that it never (either currently or in the future) affects p or r, while a realization of T3 = X will never affect either research expenditures or the value of the firm and in this sense can be interpreted as a change in the propensity to patent given the inputs and the outputs of the firm's R & D activities.
II. Test Statistics and Parameter Estimates
Formally the econometric model given by equation (6) Since the history of E and I can be predicted from the history of y, the implication this constraint is testing is that realizations of qt cannot be predicted from the history of the variables in our data set. In addition the system in (6) does not allow a separate stochastic process that affects r but does not affect p or q (all the variance in r is accounted for by current and past values of E, or there is no measurement error in r). This assumption was maintained because the empirical results indicated that there was no need to allow for such a measurement error.6
The restrictions embodied in (6) allow for relatively straightforward estimation and testing procedures. This results from the fact that the system in (6) has a recursive form, in which all restrictions are exclusion restrictions, and which, by its recursive nature, permits equation-by-equation estimation techniques. This recursive form has qt as a function of the history of yt, rt as a function of qt and the history of yt, and pt as a function of qt, rt, and the history of yt, We now provide and estimate each of the equations of this recursive form. Table 1 presents test statistics for this hypothesis. Column 1 shows that it is reasonable to assume that q, cannot be predicted from past values of' itself, column 2 that it cannot be predicted from past values of' r or p, and column 3 that it cannot be predicted f'ronm past values of itself', r, or p. Thus rates of return do seem to represent unpredictable movements in the value of the firm, or at least movements that cannot be predicted with the variables in our data set.
To obtain the recursive form of the r, equation, first note that Ea can be written as Et =O qt + vit, 9 To ensure the robustness of this conclusion with respect to the statistical assumptions, the tests of the recursive form were also run, using first differences (instead of levels) of the r and p series, using weighted r and p series where the weight for a given firm was the square root of the mean R & D expenditures of that firm over the sample period, and allowing the coefficients of the recursive form to differ in the different years of the sample. None of' the resulting test statistics indicated rejection of' the model's assumptions. There was, however, an indication that some of the coefficients in the recursive form were not stable over time, though the economic implications of the intertemporal differences in these coefficients were minor.
10 The firms in our sample are all rather large (the average value of their common shares is $1,514 million) and diversified, and they do a great deal of research.
" However, once appropriate disturbances are allowed for, the observations on the stock market rate of return do seem to enable us to separate out the time pattern of the impacts of events that cause changes in the value of a firm's R & D program (movements in the stock market rate of return do seem to be a result of unpredictable events, and stock market evaluations should not depend on the long and erratic lag structure between invention and the current benefits derived from it).
The events that do cause the market to reevaluate the firm's inventive endeavors have long-lasting effects on both the patents and R & D expenditures of the firm. On the other hand, the effects of the factors that cause differences in the propensity to patent are much more transient. These timing patterns have several implications. The large differences in the patent applications of different firms are mostly associated with differences in the market's evaluations of differences in the firms' inventive output. However, the smaller differences that occur in the patent applications of a given firm over time are due largely to differences in the propensity to patent. Of course, some information is still in the time-series dimension. If we were to observe, for example, a sudden burst in the patent applications of a given firm, we could be quite sure that events have occurred to cause a large change in the market value of its R & D program; but smaller changes in the patent applications of a given firm are not likely to be very informative. This latter statement must be modified somewhat when we consider long-term differences in the patents of a given firm (say differences over a 5-or 10-year interval), as a larger portion of their variance is caused by events that lead the market to reevaluate the firm's inventive output during these periods.
The timing of the impact of the events that cause unexpected changes in the market value of a firm's inventive activity on patents is very close to the timing of their impact on R & D. In fact one gets the impression from the estimates that an event that causes a 1 percent change in the market value of a firm's inventive activity starts a chain reaction leading to more R & D expenditures far into the future, with the firm patenting around the links of this chain almost as soon as they are completed. These timing patterns imply that current patent applications are highly correlated with current R & D demand. In this context it should be noted that R & D itself is generally not available by product field, for smaller business concerns or, before 1972, for most large business enterprises. The availability of the patent data together with some of the qualitative results presented here should, therefore, allow us to study the causes and effects of R & D activity in a much wider variety of situations, and in more detail, than has been possible to date. To use patent and R & D data jointly to distinguish between the different kinds of events that can cause changes in inventive activity (say demand shocks vs. technological or supply shocks), and then isolate their impacts on behavior and performance, seems to require a larger, and perhaps more detailed, model than the one used here.
